Abstract
INTRODUCTION
Gas tungsten arc welding (GTAW), also known as tungsten inert gas (TIG) welding, is an arc welding process that uses a nonconsumable tungsten electrode to produce the weld. The weld area is protected from atmospheric contamination by a shielding gas (usually an inert gas such as argon), and a filler metal is normally used, though some welds, known as autogenous welds, do not require it. A constant-current welding power supply produces energy which is conducted across the arc through a column of highly ionized gas and metal vapors known as plasma.
GTAW process is a candidate welding process, as it produces high quality and consistent welds and provides excellent control of heat input. The GTAW process uses a non-consumable electrode protected by an inert gas. As this process uses a non-consumable electrode, extra material, if required, is added through a filler wire either manually or using a wire feeder.
GTAW is most commonly used to weld thin sections of stainless steel and non-ferrous metals such as aluminum, magnesium, and copper alloys. The process grants the operator greater control over the weld than competing procedures such as shielded metal arc welding and gas metal arc welding, allowing for stronger, higher quality welds. However, it is comparatively more complex and difficult to master, and furthermore, it is significantly slower than most other welding techniques. A related process, plasma arc welding, uses a slightly different welding torch to create a more focused welding arc and as a result is often automated. . TIG welding has become a popular choice of welding processes when high quality, precision welding is required.
GTAW is frequently referred to as TIG welding. TIG welding is a commonly used high quality welding process. TIG welding has become a popular choice of welding processes when high quality, precision welding is required.
In TIG welding an arc is formed between a non-consumable tungsten electrode and the metal being welded. Gas is fed through the torch to shield the electrode and molten weld pool. If filler wire is used, it is added to the weld pool separately. The weld-bead formed by the GTAW process plays an important role in determining the mechanical properties of the weld and its quality. The weld-bead geometry also directly affects the complexity of weld schedules. The weld-bead shape parameters such as the bead width, reinforcement height and depth of penetration, shown in Fig 2, are determined by the GTAW process parameters such as current, voltage, welding speed and wire feed rate.
Fig -2:
Weld bead geometry.
Statistical Design of Experiments
A designed experiment is the simultaneous evaluation of two or more factors (parameters) for their ability to affect the resultant average or variability of particular product or process characteristics. To accomplish this in an effective and statistically proper fashion, the levels of the factors are varied in a strategic manner, the results of the particular test combinations are observed, and the complete set of results is analyzed to determine the important factors and preferred levels, and to find whether increase or decrease of those levels will potentially lead to further improvement. The initial experiments, often referred to as screening experiments, are used to find the few important, significant factors out of many possible factors involved with a product or process design. This experiment is typically a small experiment with many factors at two levels. Later rounds of experiments typically involve few factors at more than two levels to determine conditions of further improvement.
The Phases in Design of Experiments.
The design of experiments (DOE) process is divided into three main phases as (1) the planning phase (2) the conducting phase (3) the analyses phase.
The planning phase is by far the most important phase for the experiment to provide the expected information. An experimenter will learn the information from any experiment, sometimes in a positive sense and sometimes in a negative sense. Positive information is an indication of which factors and which levels lead to improved product or process performance. Negative information is an indication of which factors don"t lead to improvement, but no indication of which factors do. If the experiment includes the real, yet unknown, influential factors, the experiment will yield negative information. In the planning phase factors and levels are selected and, therefore, it is the most important stage of experimentation. Also, the correct selection of factors and levels is nonstatistical in nature and is more dependent upon product and process expertise.
The second most important phase is the conducting phase, where test results are actually collected. If experiments are well planned and conducted, the analysis is much easier and more likely to yield positive information about factors and levels.
In the analysis phase is the positive or negative information concerning the selected factors and levels is generated based on the previous two phases. This phase is most statistical in nature of the three phases of the DOE.
Taguchi Method.
Although fractional factorial design allows a fraction of the total number of runs required in the factorial design, there are no general guidelines for its application or the analysis of the results obtained by performing the experiments. Taguchi"s approach complements these two important areas. First, he clearly defines a set of general designs for factorial experiments that cover many applications. The special set of designs consists of orthogonal arrays (OA). The use of these arrays helps to determine the least number of experiments needed for a given set of factors. A comparison of number of experiments in factorial design and Taguchi design is presented in Table 1 . Second, he devised a standard method for analysis of the results. The combination of standard experimental design techniques and analysis methods in the Taguchi approach produces consistency and reproducibility rarely found in any other statistical method. Taguchi has established orthogonal arrays (OA) to describe a large number of experimental situations. The symbolic designation for these arrays carries the key information on the size of the experiment. For example, designated array L18 requires 18 trail runs; L9 requires 9 experiments and so on. The vertical columns of the arrays acquire a special combinatorial property i.e., in any pair of columns in an OA, all combinations of the treatment (of the two factors assigned to this pair) occur and they do so an equal number of times. This property is called the balancing property of OAs. This balancing property permits the use of simple arithmetic to find the effect of the experimental factors on the response under study. Taguchi has tabulated 18 basic orthogonal arrays that we call standard orthogonal arrays. The standard orthogonal arrays along with the number of columns at different levels for these arrays are listed in Table 2 . 
ANOVA Terms and Notations.
The analysis of variance computes quantities known as degrees of freedom, sum of squares, mean squares, etc. and organizes them in a standard tabular format. These quantities and their interrelationships are defined as given below using the following notation. V = mean squares (variance) P = percent contribution S = sum of squares T = total (or results) S = pure sum of squares N = number of experiments f = degrees of freedom C.F = correction factor e = error (experimental) n = total degrees of freedom
Variance
The variance of each factor is determined by the sum of the square of each trial sum result involving the factor, divided by the degrees of freedom of the factor. Thus VA = SA/fA (for factor A) VB = SB/fB (for factor B) VC = SC/fC (for factor C) Ve = e/fe (for error terms)
Variance Ratio.
The variance ratio is the variance of the factor divided by the error variance FA = VA/Ve FB = VB/Ve FC = VC/Ve Fe = Ve/Ve
Pure Sum of Squares.
The pure sum of squares is the sum minus the degrees of freedom times the error variance S"A = SA -fA × Ve S"B = SB -fB × Ve S"C = SC -fC × Ve S"e = Se -(fA +fB + fC) Ve
Percent Contribution.
The percent contribution of each factor is the ratio of the factor sum to the total, expressed in percent PA = SA × 100/STPB = SB × 100/ST PC = SC × 100/ST Pe = Se × 100/ST
Selection of Orthogonal Array for the Present
Work.
In the experiments with gas tungsten arc welding, the number of factors chosen for study is 5, each at 3 levels. Each factor has degrees of freedom (DOF) of 2 (DOF = number of levels-1). Therefore the experiment under consideration has 10 DOF and 1 DOF for overall mean. No interaction is considered between the factors. Hence the total DOF is 11. It is required to conduct at least 11 experiments to estimate the desired effect of factors. The corresponding OA must have at least 11 rows and five 3-level columns. It can be seen from 
DESIGN OF EXPERIMENTS.
The process parameters selected for the present study are Welding current, wire diameter, wire feed rate, ratio of wire feed rate to travel speed, and plate thickness. The ratio of wire feed rate to travel speed (WFR/TS) is chosen as a factor instead of travel speed to avoid the erratic combinations such as high travel speed for low feed rate etc. Three levels are chosen for all the process parameters (also called factors). These selected factors and their levels are given in Table 4 . Heat input J =
Volume V1 =
Wire deposition volume V2 =
Efficiency η =
% of dilution =
The experimenters log after translating factors and their level values using L18 array is given in Table 5 The absolute value of TS at different WFR/TS ratios is given below. 
RESULTS
From the microscopic examination we find penetration, reinforcement & width and further calculations like percentage of dilution, heat input (J), weld bead volume (V1), wire deposition volume (V2) and wire deposition efficiency were done by using the formulas. 
ANALYSIS OF VARIANCE (ANOVA)

Analysis of Results for Depth of Penetration
From the experimental results of the 18 experiments in Table 4 , it is observed that the penetration ranges from 0.75 mm to 2.41 mm. A summary of factor effects is tabulated in Table 7 . The penetration value 1.043 is the average of penetrations obtained in the selectively chosen experiments out of the 18 experiments for plate thickness values of 6 mm which is level 1 for factor A. The other mean penetrations are also obtained in the same way. Delta is the variation of the mean values of penetration within that factor. The effect of factors is ranked as per the magnitude of delta values. The highest ranked factor "C" has the maximum effect followed by D, A, B and E in order. The factor effects are displayed graphically in Chart -1, which makes it easy to visualize the relative effects of the various factors on depth of penetration. 
Main Effects Plot for Means
Data Means
Chart -1: Effect of factor levels on depth of penetration in GTAW.
The following observations are made from the Chart -1 and Table  9 i. Wire feed rate (factor C) has the largest effect on depth of penetration. By increasing the feed rate from 1000 mm/min to 3000 mm/min, the depth of penetration can be increased by 0.68 mm. ii.
The wire diameter (factor B) has the next largest effect on depth of penetration. The mean penetration is low at diameter level 1 and high at diameter level 3. The range of change in penetration depth is about 0.672 mm. iii.
Current (factor A) has the next effect on the depth of penetration among the factors considered in the present study. The depth of penetration is increasing from level 1 to level 3 is 0.602 mm. iv.
The wire feed rate to travel speed ratio (factor D) has the next largest effect on depth of penetration. Increasing the WFR/TS ratio from 6 to 10 i.e., reducing the travel speed, can improve depth penetration by 0.513 mm. v.
Plate thickness (factor E) little effect on the depth of penetration. The mean depth of penetration is low on 8 mm plate. Depth of penetration is more on 6 mm thick plate. The change in penetration depth is about 0.6 mm.
In the present analysis, since the depth of penetration is the response variable, the higher value of quality characteristic is better. Therefore, from the Fig 4, the optimum conditions chosen are A3 B3 C3 D1 E3
Analysis of Results for Reinforcement Height.
It is observed from the results tabulated in Table 7 , it is observed that the reinforcement ranges from 1.65 mm to 4.95 mm. A summary of factor effects is tabulated in Table 10 and the factor effects are displayed graphically in Chart-2, which makes it easy to visualize the relative effects of the various factors on Convexity Index. 
Main Effects Plot for Means
Data Means
Chart -2: Effect of factor levels on reinforcement height in GTAW.
The following observations are made from the Chart -2 and Table  10 i. Wire feed rate (factor C) has the largest effect on reinforcement. By increasing the feed rate from 1000 mm/min to 3000 mm/min, the reinforcement can be increased by 1.47 mm. ii.
The wire diameter (factor B) has the next largest effect on depth of reinforcement. By the increasing the wire diameter from 1.2 mm to 1.6 mm, the reinforcement can be increased by 1.2 mm. iii.
Current (factor A) has the next effect on the reinforcement among the factors considered in the present study. The mean reinforcement is low at current level 3 and high at current level 1. The range of change in penetration depth is about 0.767 mm. iv.
The wire feed rate to travel speed ratio (factor D) has the next largest effect on reinforcement. Increasing the WFR/TS ratio from 6 to 10 i.e., reducing the travel speed, can decrease reinforcement by 0.612 mm. v.
Plate thickness (factor E) little effect on the depth of penetration. The mean reinforcement is low on 8 mm plate. Reinforcement is more on 12 mm thick plate. The change in reinforcement is about 0.5 mm.
In the present analysis, since the depth of penetration is the response variable, the higher value of quality characteristic is better. Therefore, from the Fig 5, the optimum conditions chosen are A2 B3 C3 D1 E3.
Analysis of Results for Bead Width.
From the experimental results of the 18 experiments in Table 7 , it is observed that the bead width ranges from 3.02 mm to 10.4 mm. A summary of factor effects is tabulated in Table 11 . The bead width value 6.574 is the average of bead width obtained in the selectively chosen experiments out of the 18 experiments for current value of 140A which is level 1 for factor A. The other mean bead widths are also obtained in the same way. Delta is the variation of the mean values of bead width within that factor. The effect of factors is ranked as per the magnitude of delta values. The highest ranked factor "D" has the maximum effect followed by C, E, B and A in order. The factor effects are displayed graphically in Chart -3, which makes it easy to visualize the relative effects of the various factors on bead width. 
Main Effects Plot for Means
Data Means
Chart -3: Effect of factor levels on bead width in GTAW.
The following observations are made from the Chart -3 and Table  11 i. The wire feed rate to travel speed ratio (factor D) has the largest effect on bead width. Increasing the WFR/TS ratio from 6 to 10 i.e., reducing the travel speed, can decrease the bead width by 3.51 mm. ii.
Wire feed rate (factor C) has the next largest effect on bead width. By increasing the feed rate from 1000 mm/min to 3000 mm/min, the bead width can be increased by 3.45 mm. iii.
The wire diameter (factor B) has the next largest effect on bead width. The bead width is increasing from level 1 to level 3 is 0.602 mm. iv.
Current (factor A) has the next effect on the bead width among the factors considered in the present study. The mean width is high at diameter level 1 and low at diameter level 2. The range of change in bead width is about 1.24 mm. v.
Plate thickness (factor E) little effect on the bead width. The mean width is high on 12 mm plate. Bead width is more on 16 mm thick plate. The change in width is about 1.6 mm.
In the present analysis, since the bead width is the response variable, the higher value of quality characteristic is better. Therefore, from the Fig 6, the optimum conditions chosen are A1 B3 C3 D1 E2.
Development of Mathematical Models.
The experimental results that are given in previous section are used to obtain the mathematical relationship between process parameters and bead geometry. The coefficients of mathematical models are computed by using method of multiple regressions. A commercial software Datafit has been used for the regression analysis. This software is used to test several models viz., linear, exponential, power series (user defined). Out of all models tested the model that has high coefficient of multiple determination (R2) value and better t-ratio is chosen. The adequacy of the models and the significance of coefficients are tested by applying analysis of variance and student (T) test.
The relationship between penetration (or reinforcement or width ) as response variable(s) and to give process parameters viz., current, wire diameter, wire feed rate, WFR/TS ratio & plate thickness as independent parameters can be expressed as Regression analysis results are presented in Table 11 for depth of penetration. The adequacy of the each model is tested by the analysis of variance (ANOVA). Table 12 shows the ANOVA for penetration.
Model Definition: Penetration Y = 10^a*x1^b*x2^c*x3^d*x4^e*x5^f
Number of observations = 18 Number of missing observations = 0 Solver type: Nonlinear Nonlinear iteration limit = 250 Diverging nonlinear iteration limit =10 Number of nonlinear iterations performed = 27 Residual tolerance = 0. Table 13 . It can be observed from the table that the percentage error is less than 29% in all the cases except one. Hence it is concluded that the model can predict the depth of penetration in GTAW with good accuracy.
Chart-4:
Results based on experimental and predicted values of penetration. So the values of current and wire diameter are taken as 180 A and 1.6 mm respectively for plotting predicted the depth of penetration at different wire feed rates, WFR/TS ratio and on different plate thickness. It is observed from the plots that the depth of penetration increases with increase in wire feed rate or increase in welding speed (i.e., increase in WFR/TS ratio) for a given plate thickness. This is because at high wire feed rate the heat input is more and hence more depth of penetration. are useful to predict the depth of penetration at different wire feed rates and at different WFR/TS ratio.
CONCLUSIONS
1. From the present work the mathematical models were developed for penetration, reinforcement and width. 2. Compression had made between the experimental values and predicted values (by using generated formulas) are showing reasonable agreement.
